Phase-separated magnetic semiconductors containing magnetic nanostructures are relevant systems for the realization of high density magnetic recording media. Here, the controlled strain engineering of Fe-rich nanocrystals (NCs) embedded in GaδFeN thin layers by adjusting the Al concentration 0 < x Al < 0.41 of the underlying AlxGa1−xN buffers, is presented. Through the addition of Al to the buffer, the formation of predominantly prolate ε-Fe3N NCs is observed. Already at x Al ≈ 5% the structural properties -phase, shape, orientation -as well as the spatial distribution of the embedded NCs are modified in comparison to those grown on a GaN buffer. The magnetic easy axis of the nanocrystals changes from in-plane for x Al = 0 to out-of-plane for all layers grown on the AlxGa1−xN buffers, leading to a sizeable perpendicular magnetic anisotropy and opening wide perspectives for perpendicular recording based on nitride-based magnetic nanocrystals. arXiv:2001.07375v1 [cond-mat.mtrl-sci] 
I. INTRODUCTION
Thin films featuring perpendicular magnetic anisotropy (PMA) play a crucial role in spintronic technology [1] [2] [3] . The PMA is expected to enhance the spin-switching efficiency in thin films, due to the fact that the magnetic moments align preferentially perpendicular to the film plane rather than in the samples' plane, allowing in this configuration a storage density one order of magnitude higher than in the in-plane geometry [1] .
The application of stress to magnetic materials has been employed to induce changes in the overall magnetic properties and in the magnetic anisotropy of several material systems, some examples being: the change from ferromagnetic to antiferromagnetic ordering by the manipulation of strain at a buffer/layer interface [4] , the use of strain to reverse twin domains in metal alloys [5] , strain-induced magnetic anisotropy in GaMnAs/InGaAs thin films [6] , the modification of the magnetization with the application of an applied electric field taking advantage of the magnetoelectric effect [7] or through tetrahedral distortion by an electric field in the dilute magnetic insulator (Ga,Mn)N [8] .
In this respect, controlling the magnetic properties of embedded nanostructures in a phase-separated magnetic semiconductor through stress provides an approach for inducing PMA in these materials. For this purpose, phase-separated GaδFeN containing ordered arrays of embedded superparamagnetic γ'-Ga y Fe 4−y N nanocrystals (NCs), whose properties can be tuned through the fabrication conditions [9] , are expected to be a suitable platform for achieving strain-induced PMA. Through the incorporation of Al into the GaN buffer, strain energies * andrea.navarro-quezada@jku.at and piezoelectric effects at the interface are expected to modify the formation energies and thermodynamic equilibrium conditions of the nanocrystals embedded in the GaN matrix. In this way, size and shape engineering and the modification of the magnetic anisotropy energy (MAE) can induce switchable out-of plane magnetic anisotropy in the nanocrystals.
The structural, magnetic and transport properties of thin GaδFeN layers deposited on GaN buffers grown on c-sapphire (Al 2 O 3 ) were previously studied in detail [9] [10] [11] [12] [13] . It was demonstrated that when growing GaδFeN layers on c-wurtzite GaN, single-phase face-centered cubic (fcc) γ'-Ga y Fe 4−y N nanocrystals epitaxially embedded in the GaN matrix are stabilized. The NCs have a preferential epitaxial relation of [001] NC [0001] GaN and < 110 > NC < 1110 > GaN , with a minimal fraction of NCs aligned with [111] NC [0001] GaN and adjusting to the hexagonal symmetry of the matrix. Co-doping with Mn leads to the reduction of the NCs size and to a quenching of the superparamagnetic character [12] .
In this work, the effect of strain, induced by adding Al into the GaN buffer -i.e GaδFeN/Al x Ga 1−x N (0 < x Al < 0.41) heterostructures -on the structural and magnetic properties of the Fe-rich nanocrystals embedded in the GaδFeN thin layers, is investigated. It is observed that already 5% of Al added to the GaN buffer layer modifies not only the structural properties -phase, shape, size and orientation -of the NCs in comparison to those grown on a pure GaN buffer, but it also leads to a sizeable perpendicular magnetic anisotropy. Through the addition of Al into the buffer layer, the formation of two different ferromagnetic Fe y N phases -namely ε-Fe 3 N and γ'-Ga y Fe 4−y N -is promoted. The crystallographic orientation and the distribution of the two phases in the GaN matrix point at the formation of hexagonal ε-Fe 3 N NCs elongated along the growth direction as the origin for the observed magnetic anisotropy. 
II. EXPERIMENTAL DETAILS
The layers considered in this work are grown in a metalorganic vapor phase epitaxy (MOVPE) Aixtron 200X horizontal reactor system on c-plane [0001] Al 2 O 3 substrates using trimethylgallium (TMGa), trimethylaluminium (TMAl), ammonia (NH 3 ) and ferrocene (Cp 2 Fe) as precursors. The 1 µm Al x Ga 1−x N buffers are deposited at 1000 • C on a 50 nm low-temperature (540 • C) Al x Ga 1−x N nucleation layer annealed at 1000 • C. The Al concentration x Al is varied between 0% and 41% over the sample series by modifying the Ga/Al ratio during the growth of the buffer layer. An overview of the fabricated samples is presented in Table I . After deposition of the Al x Ga 1−x N buffers, a 60 nm thick GaδFeN layer is grown at 810 • C following the δ-like growth procedure described in detail in Ref. [9] for GaδFeN grown onto GaN. The GaδFeN layers are covered by a nominally 20 nm thin GaN capping layer to avoid the segregation of Fe into superficial α-Fe nanocrystals upon cooling [13, 14] . A schematic representation of the fabricated samples is reported in Fig. 1 (a) .
Information on the layers' structure, on x Al and on the nanocrystals' phases is obtained by high-resolution x-ray diffraction (HRXRD) carried out in a PANalytical XPert Pro Material Research Diffractometer. The measurements have been performed in a set-up which includes a hybrid monochromator equipped with a 0.25 • divergence slit, a PixCel detector using 19 channels for detection and a 11.2 mm anti-scatter slit. Rocking-curves acquired along the [0001] growth direction are employed to analyse the overall layer structure and the nanocrystals crystallographic phase. From the integral breadth β of the (000l) symmetric and of the (2024) asymmetric diffraction planes, a rough estimation of the dislocation density in the Al x Ga 1−x N buffer layers is obtained according to the procedure described by Moram et al. [15] . Reciprocal space maps (RSM) of the asymmetric (1015) diffraction plane allow obtaining directly the in-plane a and out-of-plane c lattice parameters of the Al x Ga 1−x N buffer and of the GaδFeN layers, as well as information on the strain state of the GaδFeN layers. The x Al is then obtained directly from the lattice parameters by applying the Vegards law [16] .
The structural characterization has been completed by transmission electron microscopy (TEM) imaging using a JEOL JEM-2200FS TEM microscope operated at 200 kV in conventional and high-resolution imaging (HRTEM) modes. The TEM specimens, both cross-section and plan-view, have been prepared by a conventional procedure including mechanical polishing followed by Ar + milling. The prepared samples are double-side plasma cleaned before being inserted into the TEM. The elemental analysis has been performed via energy dispersive x-ray spectroscopy (EDX) of the specimens while measuring the samples in scanning TEM mode (STEM).
The magnetic properties of the GaδFeN thin layers grown on the Al x Ga 1−x N buffers are measured in a Quantum Design superconducting quantum interference device (SQUID) MPMS-XL5 magnetometer at 300 K and 2 K. The diamagnetic contribution from the sapphire substrate and from the buffer layer is removed by performing a linear fit to the magnetic signal at fields between 2 T and 5 T for the measurements at 300 K, according to the procedure described elsewhere [17] . The angular dependence of the magnetization at room-temperature is studied by ferromagnetic resonance (FMR) measurements in out-of-plane and in-plane configuration with a Bruker Elexsys E580 electron paramagnetic resonance spectrometer at microwave frequencies between 9.4 GHz and 9.5 GHz. During measurements, the static magnetic field is modulated with an amplitude of 0.5 mT at 100 kHz to allow lock-in detection [11] .
III. RESULTS AND DISCUSSION

A. Structural properties
The main structural differences between the GaδFeN layers grown on GaN and those deposited on the Al x Ga 1−x N buffers are summarized in Fig. 1 , where the overall sample structure, including TEM crosssection and plan-view images for the reference sample (x Al = 0%) and for the sample with the highest Al concentration x Al = 41% are reported. A comparison between the overview cross-section images presented in 2 3 Al Ga N buffer These values lie in the range of the theoretical ones for both phases: the hexagonal ε-Fe 3 N with a = 0.469 nm and c = 0.437 nm [18] , and the fcc γ'-Ga y Fe 4−y N with a = (0.379 ± 0.002) nm [19] . For the reference sample, only the γ'-Ga y Fe 4−y N phase is observed.
A close-up of the region around the (0002) diffraction peak of the GaδFeN overlayer and of the Al x Ga 1−x N buffer is presented in Fig. 2 (b) , showing the shift of the buffer peak to higher diffraction angles with increasing Al concentration, pointing at a reduction in the c-lattice parameter. The position of the diffraction peak related to the GaδFeN thin layer remains unchanged for the buffers with x Al ≤10% and shifts to lower angles for higher Al concentrations, i.e. larger c-lattice parameter. This suggests that the GaδFeN layer is compressively strained on the Al x Ga 1−x N buffers.
In order to analyze the strain state and to obtain the in-plane a-lattice parameter of the layers, reciprocal space maps at the (1015) diffraction plane are acquired. The RSM for the samples with buffers containing 5% and 41% of Al are shown in Fig. 2 (c) and (d), evidencing that while the GaδFeN layer grows fully strained on the Al 0.05 Ga 0.95 N buffer, it is partially relaxed on the Al 0.41 Ga 0.59 N one. The in-plane percentage of relaxation R % of the GaδFeN thin layer with respect to the buffer is obtained directly from the respective in-plane d-lattice spacings as [20] :
where d refers to the in-plane d-lattice spacings. The values at the numerator are the measured ones and those at the denominator are the theoretical values for freestanding GaN and Al x Ga 1−x N according to the Vegards law. The calculated R % values for the samples considered here, are reported in Table I , showing that for x Al < 10%, the GaδFeN layers grow fully strained on the buffers and start relaxing for x Al ≥ 10%. This is also evident from the lattice parameters presented in Figs [21] . While the c-lattice parameter for the GaδFeN layer is not significantly affected by increasing the Al concentration, a matches the one of the buffer until x Al ≈10% and then deviates significantly, confirming the relaxation of the GaδFeN thin layer. Considering that the GaδFeN thin layer has only biaxial in-plane strain, the strain GaδFeN xx and stress σ GaδFeN xx tensors are calculated employing a linear interpolation between the value of the Young modulus E and the stiffness constants C ij , of GaN (E = 450 GPa, 2C 13 /C 33 = 0.509) and AlN (E = 470 GPa, 2C 13 /C 33 = 0.579) [21] . The values reported in Table I show that independent of the Al concentration, the GaδFeN layers are all under a comparable compressive strain. The (0002) diffraction peak of the Al x Ga 1−x N buffers presented in Fig. 2 (b) broadens with increasing Al concentration, pointing at an increment of defects and dislocation density in the buffer layers. In [0001]-oriented III-nitride films three main types of threading dislocations are commonly observed: edge, mixed and screw type. The analysis of the integral breadth of the diffraction peaks originating from the (000l) planes allows estimating the density of screw dislocations, while the one in the (2024) plane provides information on the density of edge and mixed type dislocations [15] . According to Dunn and Koch, the density of dislocations D B is given by [22] : where β is the integral breadth and b is the Burgers vector. This equation was previously employed to estimate the dislocation density in GaN thin films [23] . The dislocation densities as obtained from HRXRD analysis for all buffer layers as a function of x Al are reported in Fig. 3 (c) , where a linear increase is observed reaching values up to 4 times larger than those of the GaN buffer for both edge-mixed and screw dislocations in the buffer with the highest Al concentration. These results are consistent with the observations from the cross-section and plan-view TEM images shown in Fig. 1 . The dislocation density is also estimated from TEM micrographs, yielding larger values for the Al x Ga 1−x N buffers than those obtained from the XRD analysis, but following the same trend: the higher the concentration of Al in the buffer, the higher the dislocation density.
The increased dislocation density in the Al x Ga 1−x N buffers with x Al > 10% leads to the relaxation of the GaδFeN thin layers. As observed in Fig. 1 (e) , a fraction of the dislocations from the Al 0.41 Ga 0.59 N buffer runs throughout the entire GaδFeN layer, promoting the aggregation of Fe along the defects and, therefore, the preferential formation of nanocrystals. Interestingly, the nanocrystals stabilized at the dislocations are predominantly elongated along the [0001] growth direction.
A more detailed analysis of the NCs sizes is performed via cross-section and plan-view TEM images. The size of the NCs in the growth direction and in the plane are determined with an accuracy of ±0.5 nm by measuring the Moiré patterns in the Fiji software [24] . The results are presented in Figs. 4 (a) and (b), where the size distribution of the measured NCs, respectively, parallel and perpendicular to the [0001] growth direction for the different x Al in the buffers, are reported. The dashed lines mark the average size of the NCs in the reference sample, showing a decrease in the size perpendicular to the growth direction for the nanocrystals embedded in the GaδFeN layers grown on the Al x Ga 1−x N buffers in Fig. 4(a) . The average size perpendicular to the [0001] direction of the NCs grown on the Al x Ga 1−x N is (12.5±1.5) nm, while in the reference sample it is (15.0±1.5) nm. The NCs size along the growth direction is in average (17.0±5.0) nm and shows no significant dependence on the x Al in the buffer, being affected solely by the fabrication conditions of the GaδFeN layer [9] .
Furthermore, it is found that in the reference sample about 75% of the nanocrystals are oblate and only 25% are prolate, while in the layers grown on the Al x Ga 1−x N buffers, the ratio changes to 50%-50%. Interestingly, for all samples the nanocrystals located at dislocation sites are predominantly (above 75%) of prolate shape, suggesting that the increase in dislocations in the layers grown on the Al x Ga 1−x N buffers, promotes the formation of prolate NCs.
In addition to providing the size and phase, the char- The Fe y N phases identified in the HRXRD spectra depicted in Fig. 2 (a) The FFT images are used to determine the lattice parameters by measuring the spacings in the two directions of the diffraction pattern. In order to identify the NCs orientation with respect to the GaN matrix, a comparison with the diffraction patterns simulated by the JEMS software is performed [25] . Employing this procedure, the investigated NC in Fig. 5 (a) is identified as ε-Fe 3 N oriented along the zone axis (ZA) [ tation of the epitaxial relation is sketched in Fig. 5 (e) , showing that the NC lies 30 • rotated with respect to the crystallographic axis of the GaN, but parallel to the one of the sapphire substrate, similarly to the fcc NCs studied in GaδFeN/GaN layers [10] . The above procedure is applied to the NCs found in the reference sample and reproduced in Fig. 5 (b the XRD spectra presented in Fig. 2 (a) .
The elemental composition of the embedded NCs and their surrounding is analysed via EDX line-scans taken in STEM imaging mode. The comparison between the line-scans acquired from areas with and without NCs for the reference layer and for the layer grown on the Al 0.41 Ga 0.59 N buffer are shown in Fig. 6 . The relative concentration of Ga, N, Al and Fe vs. depth from the sample surface are reported. Despite the fact that during the fabrication of the reference sample no Al is provided, an Al background of about (1-3)% is detected -as evidenced in Figs. 6 (a) and (b). This background originates from scattered electrons that excite x-rays in the Al 2 O 3 substrate or from material from the substrate that is deposited onto the GaδFeN layer during ion milling, which is a necessary step in the TEM sample preparation. As seen in Fig. 6 (b) , the relative Fe concentration is below the detection limit of the EDX throughout the buffer layer and in the GaδFeN layer with a substantial increase evidenced in Fig. 6 (a) Diffusion of Al into the GaδFeN layer for this sample can be ruled out, due to the fact that the Al background in the GaδFeN layer is comparable to the one observed in the reference layer. Interestingly, there is a slight increase in the Fe concentration observed at the surface, indicating that Fe tends to aggregate at the sample surface as previously reported for this type of growth mode [26] . 
B. Magnetic properties
The overall magnetic signatures of GaδFeN layers grown on GaN buffers obtained from SQUID magnetometry consist of two main components: (i) a dominant paramagnetic contribution at 2 K originating from the dilute Fe ions substituting for Ga cations in the GaN matrix, and (ii) a superparamagnetic component dominant at 300 K and related to the embedded ferromagnetic nanocrystals [13, 27, 28] . Similarly, also the samples considered here have a magnetic response with paramagnetic and superparamagnetic contributions. The SQUID magnetometry measurements acquired in two configurations, i.e. with the magnetic field strength respectively H parallel and H ⊥ perpendicular to the c-axis of the layers, for the reference sample and for the sample grown on the Al 0.22 Ga 0.78 N buffer are presented in Fig. 7 . The magnetization of the reference sample reported in Fig.7 (a) does not show any magnetic anisotropy. In contrast, the magnetization acquired at 2 K for the GaδFeN/Al 0.22 Ga 0.78 N sample shown in Fig. 7 (b) evidences a significant magnetic anisotropy with the easy axis aligned along the caxis of the film, i.e. a perpendicular magnetic anisotropy. The PMA is observed for all the GaδFeN layers grown on the Al x Ga 1−x N buffers with x Al ≥5%. The overall magnetization for both configurations is comparable for all samples, independent of the Al concentration in the buffers. A hysteresis is observed for the H configuration, pointing at the easy axis for these layers lying parallel to the c-axis.
For comparison, the magnetization of the two samples in Fig. 7 (a) and (b) at 2 K and 300 K is shown for both samples and for the two configurations H ⊥ and H as a function of an applied magnetic field strength up to 5 T in Figs. 7 (c) and (d), respectively. For both configurations the overall magnetic moment is about 18% larger than the one of the reference sample at 300 K, but 60% smaller at 2 K. This suggests a stronger paramagnetic response of the reference sample, i.e. a larger amount of dilute Fe ions in the GaN matrix. Since all GaδFeN layers have been grown under the same conditions and the nominal amount of Fe provided during fabrication is thus the same for all samples, it can be inferred that the formation of defects and dislocations in the layers grown on the Al x Ga 1−x N buffers promotes the incorporation of Fe ions into nanocrystals rather than in substitutional Ga sites. In fact, an increased Fe diffusion along the dislocations increases the probability of dislocation-related nucleation of NCs. Indeed, as stated above, the NC density is larger in the layers grown on the Al x Ga 1−x N buffers than in the reference sample. Moreover, there is a fast saturation of the magnetization around 0.6 T at 300 K and around 2 T at 2 K. For the reference sample, the saturation at 300 K occurs at a comparable magnetic field of 0.6 T, however a field as high as 4 T is required to saturate the magnetization at 2 K. The remanent magnetization M r and the coercive field H C for all layers as a function of the Al concentration at 300 K and at 2 K are reported in Fig. 8 . reported for ε-Fe 3 N thin films [29] and up to 60 mT for ε-Fe 3 N free-standing nanoparticles [30] . While the coercivity values obtained in the H ⊥ configuration are of the same order of magnitude of those previously observed for GaδFeN layers grown on GaN [13] , the values for the H configuration are about 5 times larger due to the formation of the dislocation-related, elongated ε-Fe 3 N NCs when Al is added to the buffer.
In fact, M r and H C do not depend significantly on the Al concentration, suggesting that the observed magnetic anisotropy is not strain-induced by the underlying Al x Ga 1−x N buffer, but caused by the majority of hexagonal ε-Fe 3 N nanocrystals with a prolate shape, whose formation is promoted by the addition of Al into the buffer layer. This is supported by the fact that the reduced incorporation of Fe during the fabrication of the GaδFeN thin layers does not diminish significantly the NC density, while keeping the ratio of oblate to prolate NCs at (25-75)% with 90% of the prolate NCs located at dislocation sites. In this way, the saturation magnetization with less Fe in the layers is reduced, while keeping M r and H C constant. Temperature dependent SQUID magnetometry data confirm the broad size distribution observed in HRTEM and are consistent with previous results of NCs embedded in (Ga,Fe)N [27] .
In order to gain further information on the magnetic anisotropy of the embedded NCs, angular-dependent FMR measurements at room temperature have been performed. Previous FMR measurements on GaδFeN layers grown on GaN revealed that the NCs have an uniaxial magnetic anisotropy imposed by their shape and an hexagonal in-plane anisotropy with three easy-axes due to a minority of fcc γ'-Ga y Fe 4−y N nanocrystals oriented with their [111] crystal axis parallel to the [0001] axis of the GaN matrix [11] .
The position and shape of the FMR resonance line originating from the ferromagnetic nanocrystals in the samples do not vary significantly with x Al , in accordance with the magnetometry measurements. In Fig. 9 (a) a comparison between the resonance line of the reference sample and of the GaδFeN/Al 0.22 Ga 0.78 N sample is presented. The FMR resonance lines shown in Fig. 9 (a) are both located at a resonance field of (290-315) mT in agreement with the position of the FMR line previously obtained for γ'-Ga y Fe 4−y N NCs embedded in GaN [11] , pointing at the observed FMR line as originating from the minority cubic nanocrystals. Both resonance lines in Fig. 9 (a) are ∼ (40-60) mT broad, indicating a wide nanocrystal size distribution, in accordance with the HRTEM results and characteristic of granular systems [31] .
While the angular dependence of the resonance field of the γ'-Ga y Fe 4−y N NCs for the reference sample is in agreement with previous results [11, 13] , the one corresponding to the NCs in the GaδFeN layer grown on the Al 0.22 Ga 078 N buffer differs significantly. This is presented in Figs. 9 (c) and (d). The schematic representation of the out-of-plane θ and in-plane φ angles is depicted in Fig. 9 (b) , where the magnetic field lies in the film plane for θ = 0 • and perpendicular to the plane at θ = 90 • . There is an uniaxial sin 2 (θ) dependence of the resonance field in the out-of plane configuration, similar to the one previously observed for γ'-Ga y Fe 4−y N NCs in GaδFeN layers grown on GaN, in compliance with the shape anisotropy of the nanocrystals [11, 13] . In contrast to previous studies, there is a four-fold in-plane (θ = 0 • ) anisotropy of the resonance field with a sin(2φ) angular dependence, which resembles the in-plane biaxial magnetic anisotropy observed for γ'-Fe 4 N thin films grown on Mg(001) [32] .
The angular-dependent FMR data are fitted following the procedure employed by Grois et al. [11] , where the frequency of the FMR is obtained based on the model by Baselgia et al. [33] . Here, the data are fitted considering a model of the free energy including the Zeeman energy, a cubic crystalline anisotropy and the shape anisotropy energy with diagonal components N xx = N yy = 0.28 ± 0.03 and N zz = 0.37 ± 0.02 for the shape anisotropy tensor N [34] . The error bars of the diagonal components of N take into account the aspect ratios and average dimensions of both, oblate and prolate spheroids, obtained from HRTEM. The results of the fits are shown as dotted lines in Figs. 9(c) and (d). The fits give a saturation magnetization value of (1.5±0.2)×10 6 A/m that lies close to the values of 1.51×10 6 A/m for γ'-Fe 4 N powders [35] and 1.4×10 6 A/m for thin films [36] , and an anisotropy constant of K 1 = (2.8 ± 0.2) × 10 4 J/m 3 , which is consistent with the one found for γ'-Fe 4 N thin films [32] . The inplane angular dependence displays a slight asymmetric behavior of the resonance field, where the resonance field assumes the same value every 180 • . This is also consis-tent with the asymmetry previously observed in γ'-Fe 4 N thin films [32] .
The FMR data suggest that at room-temperature, where the magnetic anisotropy in the magnetometry becomes negligible, only the γ-Ga y Fe 4−y N cubic nanocrystals contribute to the observed in-plane anisotropy, since the hexagonal ε-Fe 3 N nanocrystals are expected to exhibit only uniaxial anisotropy with the easy axis lying along the c-axis [37] .
IV. CONCLUSIONS
The growth of strained and partially relaxed GaδFeN thin layers on Al x Ga 1−x N buffers by MOVPE reveals the formation of hexagonal ε-Fe 3 N and fcc γ'-Ga y Fe 4−y N nanocrystals epitaxially embedded in the GaN matrix. The GaδFeN layers are strained up to an Al concentration in the buffer of 10% and then relax up to 85% for an Al concentration of 41%. With increasing Al content, an increase in the dislocation density in the buffer layers is observed, together with a preferential aggregation of nanocrystals along the dislocations in the GaδFeN layers. The NCs have either oblate or prolate shape, with the majority of the NCs being prolate. Both nanocrystal phases are coherently embedded into the surrounding GaN matrix with an epitaxial relation: [0001] NC [0001] GaN and < 1120 > NC < 1010 > GaN for the ε-Fe 3 N NCs, and [001] NC [0001] GaN and < 110 > NC < 1120 > GaN for the γ'-Ga y Fe 4−y N NCs. Moreover, both kinds of nanocrystals are rotated by 30 • in-plane with respect to the axes of the GaN matrix.
All GaδFeN layers grown on the Al x Ga 1−x N buffers exhibit a sizeable perpendicular magnetic anisotropy with an out-of-plane easy axis matching the one of the hexagonal ε-Fe 3 N NCs. The overall magnetic properties of the GaδFeN layers grown on the Al x Ga 1−x N are not significantly affected by the increasing Al concentration, indicating that the observed magnetic anisotropy is not strain-induced. At room temperature, biaxial magnetic in-plane anisotropy originating from the minority fcc γ'-Ga y Fe 4−y N NCs is observed in FMR.
The results suggest that the predominant formation of elongated hexagonal ε-Fe 3 N NCs in the GaδFeN layers grown on the Al x Ga 1−x N buffers is responsible for the observed PMA. These findings pave the way to the manipulation of the magnetic anisotropy and the magnetization of embedded nanocrystals with the application of electric fields [8] .
